UNCLASSIFIED 


AD  NUMBER 

AD826187 

NEW  LIMITATION  CHANGE 
TO 

Approved  for  public  release,  distribution 
unlimited 


FROM 

Distribution  authorized  to  U.S.  Gov't, 
agencies  and  their  contractors; 
Operational  and  Administrative  Use;  Oct 
1967;  Other  requests  shall  be  referred  to 
Army  Electronics  Command,  Fort  Monmouth, 
NJ. 

AUTHORITY 

USAEC  ltr,  30  Jul  1971 


THIS  PAGE  IS  UNCLASSIFIED 


Research  and  Development  Technical  Report 
ECOM-2900 


COMMUNICATION  AND  TARGET  DETECTION  THROUGH  ICE 
BY  MEANS  OF  SEISMIC  ACOUSTIC  SIGNALS 

4? 


K.  Ikrath 
R.  F.  Johnson 
W.  Kennebeck 

K.  J.  Murphy 
R.  Ridgeway 

L.  Stascavage 


October  1967 

DISTRIBUTION  STATEMENT  (2) 

This  docummit  Is  subject  to  special  export  controls 
and  each  transmittal  to  foreign  governments  or 
foreign  nationals  may  be  made  only  with  prior  ap¬ 
proval  of  CG,  U.S.  Army  Electronics  Command, 

Fort  Monmouth,  N.  J. 

Attn:  AMSEL-IL-C 


UNITED  STATES  AR“Y 


ELECTRONICS  COMMAND  -  FORT  MONMOUTH 


nj. 


NOTICES 


Disclaimers 

The  findings  in  this  report  are  not  to  be  Construed  as  an 
official  Department  of  the  Army  position,  unless  so  desig¬ 
nated  by  other  authorised  documents. 

The  citation  of  trade  names  and  names  of  manufacturers  in 
this  report  is  not  to  be  construed  as  offioial  Government 
indorsement  or  approval  of  commercial  products  or  services 
referenced  herein. 


Disposition 

Destroy  this  report  when  it  is  no  longer  needed.  Do  not 
return  it  to  the  originator. 


REPORTS  CONTROL  SYMBOL  OSD-1 366 


RESEARCH  AND  DEVELOPMENT  TECHNICAL  REPORT 
ECOM  -  2900 


CCWSUNICATICN  AND  TARGET  DETECTION  THROUGH  ICE 
31  MEANS  OP  SEISMIC  ACOUSTIC  SIGNALS 


by 

Kurt  Ikrath,  Ronald  P.  Johnson, 
Willi  am  Kannebeck,  and  Kenneth  J.  Morphy 

Institute  for  Exploratory  Research 
U.  S.  Army  Electronics  Command 
Fort  Monmouth,  N.  J. 


and 


Robert  Ridgeway  and  Leonard  Stasc&vage 

Naval  Ordnance  Laboratory 
Silver  Spring,  Maryland 


OCTOBER  1?6? 

DA  TASK  No.  IPO  1L501  B31A  01  U3 


U.  S.  ARMY  ELECTRONICS  COIMAND 
PORT  MOIfiOUTH,  N.  J. 


This  document  is  subject  to  special  export  controls 
and  each  transmittal  to  foreign  governments  or 
foreign  nationals  may  be  made  only  with  prior  ap¬ 
proval  of  CG,  U.S.  Army  Electronics  Command, 

Fort  Monmouth,  N.  J. 

Attn!  AMSEL-XL— C 


ABSTRACT 


Seindc-acouatic  signal  transmission  experiments,  employing  novel  sal  sale 
transducers  on  land  and  lako  lea  as  transmitters  and  conventional  hydrophones 
In  water  beneath  the  ice  as  receivers*  are  described.  The  observed  influences 
of  wave  excitation  and  propagation  phenomena  on  the  signal  character  of  trans¬ 
missions  through  earth,  ice,  and  water  are  discussed.  Applications  of  seiamic- 
acoustic  systems  for  cn—nni  cations  and  target  detection  are  indicated. 


i 

i 


li 


FOREWORD 


Research  was  perforated  and  authorized  under  DA  OAlTltJ,  AMG  Code  5011 
11  85U  01  Project/Task  No.  IPO  1U501  B31A  01,  "Research  in  Electronics  -  ECOM. 


Mr.  M.  M.  Kleinsrvann  of  the  Naval  Ordnance  Laboratory  conceived  the 
idea  of  using  experimental  seismic  systems  for  coanuni cation  with  and  detec¬ 
tion  of  submarines  submerged  beneath  solid  ice  covers  in  arctic  seas. 

Contributions  by  Mr.  W.  Schneider  relative  to  the  design  of  seismic 
transducers  and  Mr.  Q.  LeMenne  relative  to  the  mechanical  construction  of 
transducers  and  ancillary  equipments  are  gratefully  acknowledged.  The  Seis¬ 
mic  Communication  Research  Team  of  Division  C,  Institute  for  Exploratory 
Research  extends  thanks  to  Mr.  A.  Zanella,  ECOM,  who  assisted  in  setting  up 
and  operating  tha  electrical  instrumentation  and  Miss  Anne  S towel  for  her 
assistance  in  the  preparation  of  this  report. 

Special  thanks  are  due  Capt.  Clifford  Schumann,  U.  S.  Air  Force  Liaison 
Officer,  0SAEC0M,  for  his  efforts  in  obtaining  permission  from  the  Wade  Co., 
Keesville,  New  fork  to  use  its  property  for  access  to  Lake  Champlain  for  ex¬ 
periments  with  seismic  transmissions. 
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COMMUNICATION  AND  TARGET  DETECTION  THROUGH  ICE 
HI  MEANS  OF  SEI5HIC  ACOUSTIC  SISNAIS 


INTRODUCTION 

A  High  level  of  perfection  has  been  attained  in  sonar  and  acoustic  under¬ 
water  co—uni cation  systems  is  open  seas.  In  ice-covered  arctic  waters,  how¬ 
ever,  interference  caused  by  acoustic  noise  manating  fro*  moving  end  burst¬ 
ing  ice  affects  the  performance  of  these  systems.  The  operational  roqoirenent 
that  acoustic  devices  Bust  first  be  inserted  through  ice,  and  than  lasers sd 
into  water,  also  Bakes  existing  systems  far  fro*  perfect. 

In  submarine  rescue  operations  in  the  Arctic,  holes  aunt  be  drilled 
through  the  ice  before  imersing  hydrophone  detectors  or  the  applicable 
sources  necessary  for  detection  of  and/or  cooemni cation  with  subaarines  sub¬ 
merged  below  the  ice  cover.  Time  spent  drilling  these  holes  could  be  better 
used  In  finding  the  vessel  and  saving  lives.  Hence,  an  urgent  need  exists 
for  efficient  seisaic-acoustic  devices  and  techniques  by  which  signals  can  be 
transnitted  via  ice  into  water,  and  received  vie  water  on  the  ice. 

Further,  it  is  necessary  to  comrunicate  by  aaiamic-acouatie  Beans  fro* 
underground  contend  installations  to  the  surface.  low-frequency  Mimic 
signals  are  able  to  penetrate  the  upper  weathered  layers  of  the  earth  and 
soil  overburden;  however,  in  the  case  of  underground  hardened  sites  each  as 

or  tunnels,  the  stress -stiffened  wills  inhibit  radiation  and  upward 
transmission.  In  the  case  of  high-frequency  transmissions,  the  extremely 
absorbent  weathered  layer  blocks  tranaaiaslons  fro*  reaching  the  surface; 
however,  high-frequency  signals  do  penetrate  aediaent  layers  on  the  bottom 
of  lakes  and  can  be  received  in  water  by  hydrophones.  It  is  necessary  to 
tranmit  and  receive  seimic-acoustic  signals  via  both  lend  and  water  to  in- 
pleeent  a  "Hard-Line"  coaHomi cations  systa*.  Such  a  Mimic-acoustic  systm 
will  permit  cowauni cation  between  surface  or  underground  installation#  on  the 
coast  and  subaarines  submerged  offshore. 

The  seismic-acoustic  experiments  described  In  this  report  are  the  first 
phase  in  the  devslopmnt  of  a  seismic -acoustic  ayarto*  for  oomwnnl  cation  and 
detection  between  the  earth  and  ice-covered  water. 

DISCUSSION 

Develop»ent  of  the  Concept 

The  idea  of  using  an  experimental  seismic  coaamini  cations  systsa  for  ap¬ 
plication  to  submarine  communications  in  the  Arctic  was  conceived  by  M.  M. 
ELainermann  of  the  Naval  Ordnance  Laboratory,  Silver  Spring,  Maryland.1 
TapI mentation  of  this  idea  was  accomplished  by  modification  of  equipaMnta 
and  procedures  used  in  previous  experiments  during  which  nnainal  SO  H»  sels- 
aic  signals  were  tranmitted  through  lake  ice  by  the  flexural-wavs  node.? 

The  modification  permitted  signal  recaption  in  water,  end  used  hydrophones 
laooraed  below  the  ice  at  various  distances  froa  the  seismic  transducers 
(XTBs)  located  on  the  surface  of  the  ice. 


In  riev  of  the  difficulties  usually  encountered  in  experimental  work  in 
the  Arctic,  it  was  decided  tc  conduct  low-cost  feasibility  experiments  on 
Lake  Champlain  in  New  Tork  State  (Fig*  1). 

Experimental  Setup  end  Instrumentation 

A  Tin  housing  acinic  oc— uni  cations  instruments  was  set  on  the  Wade 
Colony  property  (Fig*  1).  Two  resonant  seismic  transducers  (80  Hz,  200W) 
ware  situated  100  meters  from,  and  40  meters  above,  the  surface  of  the  lake 
on  a  Hat  spot  at  the  crest  of  a  hill  (Fig,  2) .  Four  seismic  transducers 
(80  9s  resonant,  10  VI)  and  an  improvised  version  of  the  experimental  stack 
transducer  (Fig,  3)  were  placed  on  the  ice  approximately  200  maters  offshore. 

In  communications  experiments,  the  small  (10  W)  seismic  transducers  were 
deployed  at  15-meter  spacing!  in  the  form  of  a  linear  array  oriented  perpen¬ 
dicular  to  the  shore.  During  experiments  relating  to  obstacle  scatter  and 
dstection,  the  small  transducers  were  deployed  in  the  form  of  a  square  array. 
Two  hydrophone  receivers  wars  suspended  from  wooden  cradles  to  a  depth  of  six 
meters  in  the  water  below  the  ice.  One  hydrophone  (Fig.  4)  was  centered  be¬ 
neath  small  transducers  XTD-1  sad  ITD-2  of  the  array  j  the  other  was  located 
500  meters  offshore  in  the  direction  of  the  array.  The  first  hydrophone,  the 
monitor  hydrophone,  will  he  referred  to  as  "HP-l"}  sad  the  second,  the  dis¬ 
tant  hydrophone,  will  be  refxrrcd  to  as  "HP-2". 

Throughout  the  experiments,  transducers  and  hydrophones  were  connected 
by  cables  to  the  instrument  van  Inerted  onshore.  All  circuits  and  equipment 
configurations  were  checked  while  electrically  energised,  for  possible  elec¬ 
tromagnetic  stray-coupling  between  the  transmitter  and  receiver  cables,  by 
lifting  the  transducers  off  the  ice  end  the  hydrophones  oat  of  tha  water. 

Zero  signal  levels  verified  proper  functioning  of  the  system. 

During  the  course  of  the  experiments,  weather  and  temperature  changed 
rapidly.  Temperatures  ranged  from  about  -20°F  to  +20°F.  High  noise  levels, 
doe  to  the  cracking  of  ice  caused  by  wind  gusts  and  temperature  variations, 
were  observed.  Large  pressure  ridges  and  cracks  crisscrossed  the  ice.  Safe 
ice  expended  one  mils  from  shore.  The  ice  cover,  20  to  25  om  thick  and  very 
dense  and  hard,  was  transparent* 

Bxperimaata 

experiments  performed  during  Lake  Champlain  teats  included  1 

1.  Transmissions  of  nominal  30  Hs  lend-to-water  seismic  signals 
from  a  snail  hill;  and  their  reception  by  two  hydrophones  submerged  to  a  depth 
of  approximately  six  meters  below  the  ice,  and  located  offshore  at  a  distance 
of  200  and  500  meters  respectively. 

2.  Ioe-to-water  transmissions  of  nominal  88  Hz,  250  Hs,  1000  Hz, 
and  band-limited  voice  signals  from  the  surface  of  the  ice  at  about  160  to 
200  meters  offshore. 

3.  Detection  of  phase  variations  in  the  250  Hs  transmissions  from 
the  ice,  caused  by  scatter  from  a  rubber  mat  lowered  into  the  waters 
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FIQ.  1  MAP  OF  EXPERIMENT  SITE  AT  LAKE  CHAMPLAIN,  NEW  XOBK 
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FIG.  3  STACK  TRANSDUCER  ON  ICS 


5 


a.  Beneath  the  transmitter  alt*  on  the  1c*  (aid*  scatter  txpar 

imants) ,  and 

b.  Batmen  transmitter  and  hydrophon*  altes  respectively 
(forward  aeattar  experiments) . 

U*  Meaauremsnta  oft 

a.  Vibration  amplitude*  of  tbe  ice  censed  by  seismic  transdu¬ 


cers,  and 


b.  Bie  resulting  acooatic  preasnr*  on  hydrophone*  below  the 


5.  Measurement  of  temperature-  and  wind- induced  acoustic  noise 
levels  within  several  frequency  bands. 

6.  Determination  of  the  effects  of  CO2  gas  bubbles ,  in  water  and 
between  water  and  ice,  on  the  coupling  of  acoustic  signals  transmitted  fro* 
Ice  into  water. 

Organization  of  Bata  and  Method  of  Evaluation 


In  view  of  the  iamediate  influence  of  these  expert  Mental  results  on  sub¬ 
marine  operations  in  arctic  ice-covered  waters,  all  per  tinea,  experimental 
data,  observations,  and  remarks  are  included  in  the  Appendices.  Data  from 
similar  or  repeated  experiments  are  grouped  together  under  one  heading;  there 
fore,  log  itasm  are  sot  in  chronological  order.  However,  time  and  environ¬ 
mental  conditions  for  each  experiment  are  given  aa  "Bamarks”  in  connection 
with  the  data.  The  data  in  Appendices  A  through  0  and  the  calculations  in 
Appendices  S  and  F  form  the  basis  for  the  analysis  and  evaluation  of  experi¬ 
mental  results  in  regard  tot 

1.  <^Vr- communications  and  detection  in  arctic  ice-covered 
waters,  and 

2.  Co— ml  cations  from  hardened  sites. 

The  method  of  analysis  and  evaluation  is  described  by  the  Flow  Chart  given 
in  Fig.  $» 

Evaluation  and  Interpretation  of  CW  and  Pulsed  Comruni cations  Smerfmeate 


A  comparison  of  the  experimental  data  presented  in  Appendices  A  and  B 
regarding  the  y<gw*T  quality  of  transmissions  from  land  and  from  ioe  reveals 
that  the  88  Hz  transmissions  from  ioe  into  water  displayed  the  most  inferior 
quality  of  any  w *  received  during  the  experiments,  nominal  80  Ha  traos- 
miesloM  from  i*™*  via  soil,  rook,  and  water  over  a  total  distance  of  600 
meters  reveals  a  much  better  signal  quality  than  similar  low-frequency  (88  Hz) 
transmissions  from  the  ice  surface  over  a  distance  of  only  300  meters.  In 
interpreting  thsss  differences  in  low-frequency  transmissions  (80  mid  86  Hz) 
from  land  and  ioe,  it  should  be  noted  that  high-frequency  transmissions  (250 
to  1000  Hz)  from  the  asms  site  on  the  ice  wore  far  superior  to  the  88  Hz 

TT4  <*4  kl  m  iMw4dmvMm  elm  >vm  mmmn  4n  THm.  £  II* 

VuitCUIBhU  99AVAIO  |  IAVAW*V  V  ewwmew  u5w  mmmm  •>  W  ■  ■  » 

For  ezaaple,  cca^are  Figs.  6  sod  7  (the  recordings  of  the  heterodyned  « 
and  pulse  outputs  from  the  distant  hydrophene  obtained  from  trans¬ 
mission  of  the  80  Hu  from  land)  with  Fig.  6  (the  recording  of  the 
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PIO.  5  LOGIC  FLOW  CHART  FOR  E7AIDAII0H  AMD  DJTERPRETATIOH 
OF  BOBRIMBHTAL  DATA 
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|  88  Ha  signal  from  the  lee  surface) .  Due  to  the  marginal  quality  of  the  88  Hz 

i  CW  transmission  from  the  ice-surface  array  of  small  seismic  transducers,  no 
attempt  was  mads  to  record  puls  a -amplitude  modulated  signals  at  the  sane  car¬ 
rier  frequency.  In  contrast,  notice  the  recordings  given  in  Fig.  9,  which 
show  2$0  Hs  CW  signals  transmitted  from  the  ice  surface  by  the  same  array 
l  using  small  seismic  transducers  operating  in  the  third  harmonic  resonance 
‘  mods,  this  recording  (Fig.  9)  dearly  shows  the  variation  in  the  received 
|  250  Hs  signal  level  as  a  function  of  phase  variations  in  the  electrical  drive 

voltages  of  the  array.  In  this  case,  phase  variations  are  produced  by  a 
<  motor-driven  phase  shifter  in  the  drive  circuit  of  the  transducer  array. 

i 

1  Of  particular  interest  is  the  fact  that  ice-cracking  noise  interference 

\  with  250  Hs  transmissions  is  negligible  when  compared  to  the  case  of  88  Hz 
transmissions,  even  though  ambient  noise  levels  measured  by  the  hydrophone 
In  the  60  to  100  Hz  frequency  band  are  almost  equal  to  those  in  the  230  and 
280  Hs  frequency  band  (ippx.  B) .  Similar  to  the  CW  case,  control  over  the 
|  array  radiation  pattern,  and  thus  levels  of  t-ie  pulsed  250  Hz  signals  by  ad¬ 
justment  of  the  phase  of  the  array,  is  indicated  in  Fig.  10. 

A  direct  optical  recording,  made  by  OSC  Model  5-12U  of  the  almost  ideal 
sin  x 

— ; —  type  Shape  of  the  pu  aed  1000  Hz  signal  transmitted  from  the  stack 

transducer,  is  seen  in  Fig.  11.  Interference  again  is  negligible.  Bridently, 
high-frequency  transmissions  from  lee  are  extremely  well  received  by  hydro¬ 
phones  In  water,  and  aure  almost  free  of  interference  from  ice-cracking  noises. 

In  view  of  the  excellent  reception  of  these  essentially  single-frequency  sig¬ 
nals  in  the  voice-frequency  spectrum,  one  would  expect  voice  signals  to  be 
received  equally  well,  this  was  not  the  oase.  Band-limited  voice  signals 
(250  to  1500  Hz)  transmitted  from  the  stack  transducer  came  through  perfectly 
over  the  monitor  hydrophone  beneath  the  transmitter  site.  However,  voice 
signals  picked  up  by  the  distant  hydrophone  were  completely  unintelligible. 
These  experimental  data  raise  the  following  questions  : 

1.  Why  is  the  88  Hz  transmission  from  ice  inferior  to  the  80  Hz 
tranasdnslon  from  the  more  distant  lend?  (Propagation  losses  are  much  greater 
in  earth  than  in  hard  ice  and  water  and,  therefore,  should  more  than  offset 
differences  in  the  primary  power  levels.  Hydrophone  receiver  circuits  wars 
Identical  ambient  noise  levels  et  hydrophone  locations  were  almost  equal 
in  both  cases) • 

2.  Why  are  transmissions  from  the  ice,  of  21  ’z  signals,  superior 
to  transmi **^ of  88  Hs  signals?  (In  both  cases,  trar  Jitter  and  receiver 
circuits  were  identical  except  for  the  filter  bandwldths  of  receiver  circuits— 
230  to  280  Hs  and  60  to  IDO  Hz  respectively.) 

3.  Why  is  the  voice  signal  lost  over  the  longer  distance?  (Indi¬ 
vidual  frequencies  in  the  voice  spectrum  —  a.g. ,  250  Hz  and  1000  Hz  —  came 
through  well  above  ambient  noise  levels.) 

Analysis  shows  the  phenomena  that  are  primarily  involved : 

1.  In  the  case  of  30  Ez  signal  transmission  from  land,  via  soil  and 
rock  into  water: 

a.  Radiation  of  split  beams  of  shear  waves  from  the  transducers 
on  the  hill  into  earth,  and 
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b.  Refraction  of  one  of  these  shear-wave  beams  at  the  sloping  soil- 
water  boundary  and  its  conversion  into  a  pressure  save  in  the  water. 

2.  In  the  case  of  transmissions  from  ice  into  water: 

a.  it  low  frequencies  (86  5s) :  Excitation  and  propagation  of  flex¬ 
ural  waves  in  the  ice!  and 

b.  At  high  frequencies  (2 50  Hz,  1000  Hz) :  Acoustic  coupling  to  the 
water  and  cutoff -type  attenuation  of  the  flexural  wave  code. 

3.  In  the  case  of  interference  by  ice-cracking  noises: 

a.  At  low  frequencies  (88  Hz) :  Proa,  distant  cracks,  predominantly 
via  the  flexural-wave  mode  of  the  ice,  and 

b.  At  high  frequencies  (250  Hz,  1000  Hz);  Predominantly  via  the 
acoustic  mode  travelling  through  water. 

Analysis  of  Low-Frequency  Transmission  Machanisaa;  80  Hs  from  Lend  vs.  88  Ha 
from  ice  " 

Apparently  transmission  of  the  80  Hz  signals  frea  land  via  soil*  rock,  end 
water  involved  an  efficient  soda  transformation  at  the  earth-water  boundary  os 
deduced  from  the  following  data: 

1.  As  little  as  thirty  watts  drive  power  at  82  Hz,  fed  into  land-based 
transducer  ITD-H-2  only,  yielded  an  output  at  hydrophone  HP-1  of  10  aillivolto 
corresponding  to  ^  1  microbar  acoustic  power,  11  dB  above  noise  level 
(Appr.  A). 

2.  A  total  of  1.8  watts  drive  power  at  88  Hs  for  snail  ice-based  trans¬ 
ducers  XtD-l  and  IVD-2  in  the  vicinity  of  hydrophone  HP-1  yielded  en  output 
of  86  millivolts,  corresponding  to  ~>8  microbers  of  aooustlc  pressure,  end  an 
ioe  vibration  velocity  of  0.027  m/uoa  at  the  hole  for  the  hydrophone  (Appx.B) « 

3.  Estimate  of  the  power  balance  of  transmitted  versus  received  signals: 

a.  It  is  obvious  that  only  a  small  fraction  of  the  original  30  emits 
fed  into  land-based  transducer  XTD-B-2  reached  the  hydrophone;  First  of  all, 
the  radiation  efficiency  of  the  transducer  is  at  most  only  25#  j  and  secondly, 
the  radiated  power  is  distributed  over  several  nodes,  i.e.,  surface-wave 
(Rayleigh  wave)  mode,  subsurface  pressure  mode,  and  the  shear-wave  mods. 3 

b.  Power  going  into  the  subsurface  shear-wave  ends  is  roughly  20 $  of 
the  total  radiated  power.  This  shear-wave  mode  seems  to  play  the  most  Impor¬ 
tant  role  in  our  ease.  Shear  waves  are  radiated  in  the  form  of  split  beams 
into  earth  in  such  a  way  that  one  of  the  beams  strikes  the  sloping  earth- 
water  boundary  at  oblique  angles.  At  such  oblique  angles,  ranging  from  about 
10°  to  1$°  relative  to  the  earth-water  boundary  surface,  approximately  20#  of 
the  incident  power  is  transmitted  into  the  water.  At  the  earth-water  boundary, 
incident  shear  waves  are  refracted  and  transformed  into  acoustic-pressure 
waves  travelling  in  a  predominantly  horizontal  direction. 

o.  A  coapa rises  of  land-to-wstar  with  ice-to-water  transmissions  of 
nominal.  80  Ha  signals,  raises  the  question:  Why  does  the  much  lower  acoustic 
pressure  (1  microbar  at  HP-1)  in  the  land- to  -water  transmission  produce  signals 


of  a  Bush  higher  quality  at  longer  distances  (HP-2)  than  the  ouch  higher  acous¬ 
tic  pressure  (8  aicrobars  at  HP-1)  in  the  lce-to-water  transaission? 

d.  The  nost  likely  reasons  for  the  inferior  quality  of  signals 
transmitted  from  ice  over  the  shorter  distance  (POO  m)  are  the  following: 


(1)  A  significant  amount  of  the  power  is  radiated  by  the  flexural- 
wave  mode.  Flexural  vibrations  in  ice  are  accoapanied  by  acoustic  waves  in 
the  water  and  air;  however,  the  acoustic  portion  of  the  flexural-wave  signal 
is  ducted  along  the  underside  of  the  ice  in  such  a  manner  that  its  intensity 
decays  exponentially  with  depth.  The  signal  amplitude  at  a  depth  equal  to 
approximately  the  wavelength  of  sound  in  air  divided  by  2  if  is  reduced  to  36/E. 

would  be,  in  our  case,  roughly  0.6  meters.  Hence,  the  signal  energy  in 
this  flexural-wave  mode  hardly  reaches  the  distant  hydrophones  at  a  depth  of 
about  6  maters. 

(2)  One  may  conclude,  therefore,  that  the  hydrophones  are 
strongly  decoupled  from  ice-cracking  noise  propagated  by  the  flexural-wave 
mods.  This  is  correct  for  the  hydrophones,  but  not  for  the  transducers  based 
on  the  ice.  We  have,  than,  the  curious  situation  in  which  ice  noise  enters 
into  transmissions  at  the  transmitter.  It  happens  that  ice  noise  is  very 
strong  in  transmissions  at  >^>88  Hz.  It  is  at  these  frequencies  that  the  aud¬ 
ible  ice -cracking  bursts  are  propagated  over  long  distances  by  air- coupled 
flexural  waves.* 


(3)  Thus,  ice-based  transducers  are  energized  mechanically  by 
flexural  noise  vibrations  of  the  ice,  and  electrically  by  the  signal  source. 
This,  than,  explains  the  inferior  quality  of  low-frequency  signals  transmitted 
from  ice  as  coopered  with  those  transmitted  from  land. 


>nalv«ia  of  the  Transmission  Mechanisms:  High-Frequency  vs,  Low-Fraquancy 
iSrensnlaslonsfrom  icc  into  Water  ~ 


The  superior  quality  of  high-frequency  transmissions  (250  Hz,  1000  Hz) 
relative  to  the  low-frequency  transmission  (86  Hz)  is  intimately  connected 
with  the  attenuation  of  flexural  waves  as  a  function  of  frequency.  Above  a 
critical  frequency,  the  attenuation  of  flexural-wave  modes  in  ice  approaches 
a  cutoff  condition.  This  critical  frequency  is  approximately  1DJJ  above  the 
frequency  at  which  the  spectrum  of  the  air- coupled  wave  reaches  a  sharp  peak 
(flexural-wave  propagation  velocity  in  the  ice  then  equals  sound  propagation 
velocity  in  the  air).  The  approximate  value  of  this  critical  frequency  in  Hz 
is  given  by:*  0.3  o 

■f  .  10*  . 

c  Ice  Thicknsss  in  Keters 


In  our  case,  for  ice  that  is  20  and  2 5  cm  thick,  fc  ^  150  Hz.  Thus, 
at  higher  signal  frequencies  (250  Hz,  1000  Ha) ,  distant  noise,  caused  by  ice 
cracking  propagated  by  the  flexural- wave  mode,  is  almost  suppressed.  Sig¬ 
nals  are  radiated  affectively  through  water  via  the  acoustic-wave  mode  only, 
and  any  superimposed  low-frequency  noise  from  flexural  vibrations  of  the  ice 
at  the  transmitter  site  is  removed  by  filtering.  Hence,  the  superior  quality 
of  high-frequency  over  low-frequency  signals. 

signal  Frequency  Bandwidtha  and  Noise  Baodwidths 

Filter  baadwidths  used  for  reception  of  low-frequency  signals  were  from 
60  to  100  Hz,  and  from  60  to  120  Hz  (Appendices  A  and  B) .  Therefore,  filter 
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bandpasses  ware  located  In  the  spoctrua  where  the  most  severe  flexural  noise 
vibrations  of  the  ice  surface  occur.  Fbr  reception  of  250  Hs  and  1000  Hz 
transmissions,  filter  bandpasses  were  used  of  230  and  280  Hz,  and  $OQ  to 
1100  Hz,  respectively.  Considering  that  the  bandwidth  of  pulsed  (on-off)  CW 
signals  is  less  than  10  Hz,  further  improvements  in  the  signal- to-noise  ratios 
of  received  «  are  certainly  possible  by  reduction  of  these  filter  band- 

widths. 

The  following  fact  is  important,  Ambient  noise  levels  within  these  fre¬ 
quency  bands,  as  measured  by  the  hydrophones,  were  of  the  same  order  of  mag¬ 
nitude  (Appx.  B) .  However,  as  pointed  out  previously,  received  signal- to- 
noise  ratios  of  the  high- frequency  transmissions  were  much  superior  to  those 
of  the  low-frequency  transmissions  •  This  is  further  confirmation'  that  inter¬ 
ference  from  ice  noise  enters  into  low-frequency  transmissions  at  tbs  trans¬ 
mitter  site  on  the  ice. 

Evaluation  and  Interpretation  of  Results  of  Voice  Ccearmnl  cations  Experiments 

An  attempt  to  receive  voice  signals  in  the  250  to  1500  Hz  band  failed, 
in  spite  of  the  fact  that  the  voice  coming  over  the  monitor  hydrophone  was 
loud  and  clear.  Apparently  over  long  distances,  voice  signals  are  not  only 
degraded  by  noise  but  also  garbled  by  the  dispersive  propagation  of  voice 
frequencies.  This  conclusion  is  derived  from  the  fact  that  single  2£0  and 
1000  Hz  CW  and  pulsed  CW  signals  were  received  by  the  distant  hydrophones 
at  signal- to-noise  ratios  of  approximately  30  dB  (Appx.  B).  Oils  dispersion 
of  voice  «<gnai«  i«  oaused  by  frequency-  and  angle-dependent  reflections  and 
refractions  of  acoustic  waves  at  the  ice  and  the  sedimentary  bottom  of  the 
lake. 5 

Evaluation  and  Interpretation  of  Results  of  Side-Scatter  and  Forward-Scatter 
Szperimente:  Detection  of  Flatting  Objects  beneath  the  toe 

The  method  of  detecting  floating  objects  beneath  ice  by  scatter-induced 
variations  of  the  phase  of  the  CW  signal  transmission  is  an  extension  of  the 
"Seismic  Fence"  Intrusion  Detection  System.6  Instead  of  a  seismic  transducer, 
a  hydrophone  was  used  for  reception  of  the  signal  emitted  from  the  small  seis¬ 
mic  transducers  located  on  the  ice.  The  intrusion  of  an  object  floating  be¬ 
neath  the  ice  into  the  acoustic  beam  emanating  from  the  ice-based  transducers 
was  detected  by  the  resultant  change  in  phase  of  the  received  signal  relative 
to  the  transmitted  signal. 

A  foam-rubber  mat  about  1  meter  wide,  2  meters  long,  and  1.5  cm  thick  was 
used  as  the  scatter  object.  This  compliant  rubber  mat  was  fastened  to  a  repo, 
pushed  through  a  small  hole  in  the  ice,  and  lowered  into  the  water.  Two  old 
batteries  were  attached  to  the  mat  and  served  as  ballast  to  offset  buoyancy. 
The  choice  of  a  thin  sheet  of  foam  rubber  as  a  scatter  object  was  dictated  by 
requirements  oft  First,  compliancy,  l.e.,  being  able  to  force  a  large  object 
through  small  holes)  and  secondly,  sound  absorbency. 

Side  Scatter  vs.  Forwar<|  Scatter 

1.  fflde- Cotter  Experiments  (Fig.  12) 

a.  Scatter-induced  phase  variations  of  the  250  Hz  CW  transmissions 
as  a  function  of  depth  of  the  foam-rubber  mat  are  recorded  in  Fig.  13.  Peak 
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signals  are  25  degrees .  (See  calibration  at  the  beginning  of  the  experiment 
as  shown  on  the  right-hand  side  of  the  recording  in  fig.  13,  30  an  -  2£°.) 
Maximal  phase  levels  occurred  when  the  foam-rubber  mat  was  halfway  between 
the  ice  cover  and  the  sedimentary  bottom  of  the  lake.  The  phase  curve  is 
a ingle- humped.  Phase  levels  corresponding  to  a  bottom  or  top  location  of  the 
foam-rubber  mat  in  the  water  are  almost  equal  —  the  difference  being  2.5 
degrees.  Bie  phase  curve  is  perfectly  reproducible  (Fig.  13) . 

b.  For  analysis,  it  is  necessary  to  emphasize  that  in  thin  side- 
scatter  case,  the  foam-rubber  mat  was  moved  up  and  down  beneath  the  trans¬ 
mitter  site  within  a  maximum  of  the  radiation  pattern  of  the  square  array  of 
seisin  transducers  on  the  ice  surface.  The  distant  hydrophone  receiver,  on 
the  other  hand,  was  within  a  minimum  of  this  acoustic  radiation  pattern  which 
was  achieved  hr  adjusting  the  phase  relations  between  the  electrical  drive 
voltages  of  the  transducers  with  a  four-channel  phase  shifter. 

2.  Forward-Scatter  Experiments 

The  experimental  setup  was  different  in  the  forward-scatter  case. 

Only  one  seismic  transducer  was  used  as  a  transmitter.  The  foam-rubber  mat 
was  moved  up  and  down  in  the  water  at  a  location  about  halfway  between  the 
transmitter  on  the  ice  and  the  hydrophone  receiver.  The  resultant  phase  vari¬ 
ations,  as  a  function  of  the  depth  of  the  mat,  ware  now  double-humped  (Fig.lU) . 
Phase  variations  went  through  zero  f&en  the  foam-rubber  mat  was  approximately 
in  line  with  the  transducer  on  the  ice  and  hydrophone.  Now,  phase  levels  ob¬ 
tained  with  the  mat  situated  below  the  ice  were  distinctly  different  from 
those  obtained  when  the  mat  was  lying  on  the  bottom  of  the  lake. 

3.  Analysis  of  the  Results  of  Scatter  Experiments 

a.  A  detailed  analytical  explanation  for  recorded  phase  variations 
of  the  Ctf  signal  as  a  function  of  the  position  of  the  foam-rubber  mat  is  given 
in  Appendix  g.  This  theoretical  analysis  confirms  the  fact  that  the  foam- 
rubber  mat  represented  an  absorber-type  scatter  body*  The  scatter  radiation 
pattern  of  such  a  body  has  a  minimum  (null)  in  the  direction  of  the  incident 
ware,  hence,  the  double-inaqoed  shape  of  the  phase  variation  as  a  function  of 
the  depth  of  the  robber  mat  in  the  forward-scatter  experiment. 

b.  On  the  other  hand,  a  maxi  mum  was  obtained  in  a  direction  perpen¬ 
dicular  to  the  incident  wave,  hence,  the  single  -humped  shape  of  the  phase  var¬ 
iation  as  a  function  of  depth  of  the  rubber  mat  in  the  side-scatter  experi¬ 
ment. 


c.  Levels  of  phase  curves  associated  with  a  top  or  bottom  location 
of  the  rubber  mat  are  related  to  variable  responses  of  the  sedimentary  bottom 
to  vertically  incident,  or  obliquely  incident,  acoustic  waves. 


d.  When  the  rubber  mat  is  lying  on  the  sedimentary  bottom  beneath 
the  transmitter  site  (side-scatter  experiment),  both  the  rubber  mat  and  the 
sedimentary  bottom  absorb  the  vsi  ideal  incident  waves.  Hswvver,  oblique  inci¬ 
dent  waves  (side-scatter  experiment)  are  reflected  by  the  sedimentary  bottom, 
and  absorbed  by  the  rubber  sat.  At  the  underside  of  the  ice,  the  acoustic 
contrast  batmen  the  reflecting  ice  and  the  absorbent  rubber  mat  is  largely  a 


the 


incident  acoustic  wave  (parallel  in  the  side-scatter  case,  and  perpendicular 
in  the  forward-scatter  case) . 


affects  of  Air  Bubbles  and  Sheets  of  Air  between  Ice  and  Water 


Carbon  dioxide  emitted  from  a  fire  extinguisher  was  used  to  simulate  con¬ 
ditions  wherein  a  large  sheet  of  air  is  trapped  below  the  ice  at  the  trans¬ 
mitter  site*  The  formation  of  a  sheet  of  COg  gas  almost  three  asters  in  di¬ 
ameter  had  no  significant  eft  »ct  on  levels  of  the  2$0  Hz  CW  signals  emitted 
fraa  the  small  transducers.  Bubble-induced  phase  changes  are  recorded  in 
Fig.  15.  Noise  disturbances  were  observed  while  the  COg  gas  was  being  blown 
into  the  water;  however,  once  the  bubbles  settled  at  the  underside  of  the  ice, 
no  further  interference  occurred. 

CONCISIONS 


1.  The  seismic  transducers  and  techniques  developed  for  communication 
through  earth  media  are  applicable  for  cosammi cations  fraa  the  surface  of 
floating  ioe  to  submerged  submarines.  Transmission  frequencies  must  be 
higher  than  the  critical  frequency  associated  with  the  response  of  flexural 
vibrations  to  noise  due  to  the  cracking  and  bursting  of  the  ice.  Using  only 
2  to  3  watts  of  power,  narrow-band  signals  with  carrier  frequencies  of  2£0  Hz 
(third  harmonic  of  the  fhndmantal  frequency  of  the  small  seismic  transducers) 
and  1000  Hs  (stack  transducer)  were  transmitted  from  ice  into  water  and  re¬ 
ceived  by  submerged  hydrophones.  Transmission  and  reception  of  voice  signals 
in  the  250  Hs  to  1500  Hs  band  over  a  long  distance  failed.  Intelligible  voice 
recaption  was  possible  only  by  the  hydrophone  submerged  beneath  the  trans¬ 
mitter  site. 

2.  The  seismic  transducers  and  techniques  employed  are  applicable  to 

st  smic-accustic  communications  from  land,  via  earth  and  water,  to  submerged 
submarines. 

a.  Harrow-band  nominal  80  Hz  signals  were  transmitted  from  a  hill  to 
hydrophones  submerged  beneath  ice  in  the  lake,  200  meters  and  500  meters 
offshore,  respectively.  A  mi nlwmn  of  30  watts  yielded  an  11  dB  signal- to- 
noise  ratio  at  the  location  200  maters  offshore  and  6  meters  beneath  the  lake 
ice  cover.  Further  improvements  should  be  readily  obtainable  by  reduction  of 
the  bandwidth  of  the  hydrophone  circuits  from  UO  Hz  to  5  Hz. 

b.  In  open  water,  where  no  noise  due  to  ice  cracking  occurs,  acoustic 
Interference  levels  are  much  lower  and,  consequently,  signal  power  require¬ 
ments  ere  correspondingly  less. 

3.  me  "Seismic  Fence"  Intrusion  Detection  System^  is  capable  of  de¬ 
tecting  objects  floating  in  water  beneath  a  solid  ice  cover.  A  foam-rubber  mat 
was  pushed  through  a  hole  in  the  ice  into  the  water.  This  rubber  mat  induced 
a  scatter  of  the  2$0  Hz  GW  signals  radiated  from  seismic  transducers  on  the 
ice,  and  resulted  in  variations  of  the  phase  of  the  received,  relative  to  the 
transmitted,  signals,  these  scatter-induced  phase  variations  of  up  to  25° 
were  measured  as  a  function  of  the  depth  and  location  of  the  rubber  mat  beneath 
the  ice.  Theoretical  values  corresponding  to  these  scatter-induced  phase 
variations  have  been  calculated  and  ere  given  in  Appendix  E. 
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APPENDIX  A  (DA£A  PROM  LOQ  BOOK) 

SIGNALS  TRANSMITTED  FROM  ONSHORE  VIA  SOIL  AND  RO'JK  INTO  WATER 
DESCRIPTION  OP  SITES 

1.  Transmitter  Site:  A  flat  area  on  the  slope  of  a  hill  about  100  eaters 
fro*  the  beach,  and  LQ  jaatars  above  the  lake  (Pig.  2)  • 

2.  Site  Preparation:  Hone.  Transducers  placed  directly  on  sn&v-ooverad, 
fro sen  soil,  the  worst  possible  coupling  condition.  The  abbreviations  HD-H-1 
and  ZTD-H-2  refer  to  high  power  transducers. 

3.  Receiver  Sites  8  Kydrophora  detector  HP-lf  the  monitor  hydrophone,  200  n 
offshore j  and  #-£,  the  distant  hydrophone,  $00  a  offshore;  both  located  at  a 
depth  of  6  to  8  asters  beneath  the  20  to  2$  cm  thick  ice  of  the  lake  (Pig.  U). 
Water  depth  at  hydrophone  sites  30  a  and  $0  m  respectively.  The  hydrophone 
signal  (He)  asaauring  and  recording  equipment  was  located  onshore  in  the  van 
and  connected  via  cables. 

EXPERIMENTAL  DATA:  SIGNAL  CHARACTERISTICS ,  SHIPMENT  CQNFIOCRATIDKS 
Category  1: 

Trymml  salon:  80  Hs  CWj  rotating  pattern  (variable  phasing  of  X3D-H-1 
relative  to  ITD-H-2  drive  voltage). 

fetor i  Tvo-transducar  array. 

Drive  Power:  3 5  watts  each. 

Detection:  By  BP-1,  200  a  offshore. 

Received  Signal :  Hs  •  8  aV  ( approximately  0.8  microbars) .  Received 
signal  level  written  in  the  log  book  without  marking  corresponding  phasing 
of  ITD-1  and  XTD-2.  This  was  not  ths  maximum  received  signal. 

Ambient  Holes t  Hs  »  2  mV. 

SKL  Filter  Sotting:  60  to  IDO  Ha.  Keithly  menlifier  (0  dB)  ahead  of 

BSn353t^TStST 

Observation:  Pattern  rotation  perfect;  Phase  shift:  clean  and  clear. 
Evaluation:  *  20  log  ^  »  12  dB. 

Basarka:  Date:  21  February  1967;  Tesperaturos  0  to  10°P.  Very  short 
feasibility  test. 

Category  2: 

Transmission:  80  Hz  CWy  Rotating  pattern. 

Transmitter:  Two- transducer  array. 

Drive  Power:  Approximately  6o  watts  and  70  watts  respectively. 

Detection:  By  HP-1  and  HP-2. 

SKL  Filter  Setting:  60  to  120  Hz;  Keithly  amplifier  (+20  dB)  for  the 
recording  of  signals  by  an  optical  recorder. 
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Observation:  Pattern  shifts,  but  signal  passes  through. 

Remarks!  Data  taken  In  the  late  afternoon  21  February  1967$  Temperatures 
in  the  teens.  Extremely  strong  gusty  wind.  The  cause  of  the  shifting  of 
patterns  was  discovered  at  the  end  of  this  test.  A  runaway  fishing  shed, 
blown  across  the  cable  by  the  wind,  had  pulled  hydrophone  HP-2  from  the 
intended  water  depth  of  about  7  meters  to  the  top  where  it  was  wedged  in 
the  hole  drilled  in  the  ice.  In  this  position,  the  hydrophone  is  ex¬ 
tremely  sensitive  to  the  shifting  of  the  ice  and  variations  of  the  water 
level  in  the  hole. 

Category  3» 

Transmission!  80  Ha  CW;  Pulsed  GW. 

Transmitter!  Two- transducer  array. 

Drive  Power!  Approximately  60  watts  each. 

Detection!  3v  HP-1  and  HP-2. 

Reception! 

a.  Via  PAR-JB-5  and  PAR- HR-6.  Lockin  amplifiers  switched  to  external 
reference,  coherent  detection  position,  for  recording  on  the  optical 
recorder. 

b.  Reception  via  PAR-JB-5  and  PAR-HR-S.  Lockin  amplifier  in  internal 
reference  non- coherent  position  for  heterodyning  received  signals  and 
recording  with  Sanborn  Recorder,  Model  322  (Fig.  7)  • 

Observation:  Signals  cams  through  strong  and  clear. 

Remarks:  Recordings  made  about  midday  22  February  1967.  Weather:  Sonny 
and  windy.  Strong  ice  motion,  a  large  crack  developed  in  the  ice  between 
HP-1  and  HP-2  letting  water  come  onto  the  ice  surface.  (Shortly  there-  - 
after  HP-2,  the  distant  hydrophone  $00  m  offshore,  was  brought  in) 

Category  Ht 

Transmission!  62  Hz  CW. 

Transmitter!  Single  transducer  XTD-H-2  alone. 

Drive  Power:  30  watts. 

Sail  Vibration  1  5  in/a  ■  125  un/sac  (vertical  soil  vibration  measured 
with  riSHl-I  Vibration  Meter  located  10  cm  from  XTD-H-2  piston  edge. 

Detection!  By  HP-1, 

Received  Signal  t  Ha  <•  10  mV  (~  1  microbar) . 

Ambient  Boise  1  Hs  «  2.7  mV  (~/  0.27  microbar) . 

SKL  Filter  Setting!  60  Hs  to  100  Hs;  Keithly  amplifier!  (0  dB)  ahead  of 
BaHahtine  meter. 

Remarks:  Data  taken  23  February  1967;  Temperature:  in  the  twenties  (°F)| 
Snowing;  Hydrophone  HP-2  had  been  retrieved  the  day  before  due  to  the 
poor  condition  of  the  ice. 
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description  op  sites 

1.  Transmitter  Site;  Oa  the  ice  about  165  to  200  raters  offshore  (Fig.  U). 
The  four  transducers  in  the  linear  array  were  set  at  15  raters  apart  over  a 
span  of  k$  raters  (Transducer  ITD-is  closest  to  shore,  and  transducer  1TD-1 
the  farthest  offshore). 

2.  Receiver  Sites: 

a.  Hydrophone  detector  HP-1,  the  monitor  hydrophone,  200  m  offshore  and 
halfway  between  transducer  XTD-1  the  transducer  farthest  offshore,  and  XXD-2 
of  linear  U-transducer  array . 

b.  Hydrophone  detector  HP-2,  the  distant  hydrophone,  $00  u  offshore,  in 
line  with  the  array. 

These  hydrophones  were  submerged  6  to  6  raters  below  the  ice;  hydrophone 
signal  (Hs)  measuring  the  recording  equipment  located  in  tha  van  onshore; 
connection  via  cables. 

experiments 

Category  1: 

Transmission  Mode :  68  Hz  CW. 

Transmitters  Four- transducer  array,  HQ. 

Radiation  Patterns  Rotating  via  motor-driven  phase  shifter. 

Drive  Powers  0.9  watts  each. 

Detection  Modes  By  HP-1, 

Received  Signals  Levels  and  corresponding  array  phasings 

Hasax  “  72  mV  (♦16  dB)  A  ^max  “  6U° 

ittoaia  “  U  mV  (-  9  dB)  J  p  ^  •  10°. 

Ambient  Noises  Ha  -  2  mV  (-1$  dB) , 

3£L  Filter  Settings  60  to  100  Ht;  Kelthly  amplifiers  0  dB  +  »«+.< 

meter. 

Recordings s  HP-1  and  HP-2  (See  Fig.  6). 

Evaluations  —  t.f?  ■  30  dB. 

H  rax 

Remarks:  Ha  -  dB  levels  refer  to  1  micro  bar.  Data  taken  20  Feb  I967. 
Category  2s 

Tranaaiesion  Modes  250  Hz  CW. 

1Van«M4  f+Aw c  7/msw  — « 
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Radiation  Pattern:  Rotating  via  no  tor-driven  phase  shifter. 
Drive  Power;  Approximately  1  watt  each. 

Detection:  By  hydrophont  HP-1. 

Received  Slmal:  Levels  and  corresponding  array  phasing  t 

HSfcax  -  63;  mV  (+15  dB)  £  y  ***  •  15° 

Hs^ia  -  2.1  mV  (-15  dB)  A  Y  min  ■  25°. 

Ambient  jfalge:  Ha  «  1  mV  (-20  dB)  0 


XL  filter  Setting:  230  to  280  Ha;  Keithly  amplifier:  0  dB. 
Recordings s  HP-1  and  HP-2  (See  Fig.  9)* 

S  N 

Evaluation;  — -> —  •  35  dB. 

'  «  BIY 


35  dB. 


Remarks:  Ha  -  dB  levels  refer  to  1  micro  bar.  Data  taken  toward  noon, 

26  FeEniary  1967;  T«g>eratures  10° F.  Strong  signals  were  also  received 
by  headphones  using  20  dB  gain  on  the  Keithly  amplifier. 

*BP*T  3s 

Transmission  Modes;  250  Hs  Pulsed  "V. 

Traiemittorx  Four- transducer  erray  • 

Detection;  By  hydrophones  HP-1  and  HP-2,  RC  settings  of  PAR-JB-5  and 
HB-h,  0.1  see  and  0.3  see  respectively.  Staple  recordings  of  received 
pulse  signals  are  shown  in  Fig.  10. 

Ambient  Moles;  Levels  were  measured  in  mV  ae  follows  (22  February  196?)  1 


mmmm  \ 

Hydrophone  #3 

15  mV 

1.3  (later  15)  mV 

3  mV 

0.6  mV 

60  -  120  Hs 

2  mV 

0.35  mV 

230  -  280  Hs 

6  mV 

3  mV 

P00  -  1100  Hs 

Remarks;  Pulse  signals  were  received  from  hydrophones  via  SKL  filters 
and  Ksithly  amplifiers  with  PAR-JB-5  end  HR- 8  Lockin  amplifiers  using: 

a.  External  reference  (coherent  detection) . 

b.  Internal  reference  (non-coherent)  heterodyne  df  ’  stion. 

C'’*i  fennel  MS^AvsnAa  (  J.AaaU  am.  .lit 

m  -  -  »•»  ‘  ■  *»oV*g«»vw  (ww-WiiB*  OU  Vf  UaeOAVV^UO  uayiu  VAVH  UUA 

HU-8  locked  to  internal  reference  of  PAR-JB-5.  Relative  phase 
stability  between  oignals  received  from  HP-1  and  HP-2  is 
maintained. 

d.  CV  signals  heterodyned  with  internal  reference  on  PAR-JB-5; 
both  signals  appear  to  have  constant  phase  relationship.  When 


phasing  of  XTD  array  is  rotated,  hydrophone  signals  1  and  2  change 
accordingly. 

e.  Keithly  Amplifier;  HP-1  set  at  0  dB;  HP-2  set  at  20  dB. 

Evaluation;  The  88  Hz  transmission  received  by  distant  HP-2,  contained 
sure  ice-cracking  noise  than  the  250  Hz  transmission.  It  appears  that 
the  8C  Hz  transmission  from  onshore  via  soil  to  water  was  less  affected 
by  ice-cracking  noise  than  the  88  Hz  transmission  from  the  surface  of  the 
ice.  Possible  explanation:  Noise  vibrations  emanating  from  the  trans¬ 
mitter  site  are  superimposed  on  the  transmitted  signal  thereby  adding  to 
ambient  noise  from  the  receiver  locale  . 

MEASUREMENTS  0?  TRANSDUCER  INDUCED  ICE  VIBRATIONS  VERSUS  HIDBOPHOHE  SIORAL 
LEVELS  (Hs) 

Category  1,  Measurements  at  88  Hz  CW: 

XTD  Drive  Power:  0.9  watts  each.  Vertical  ice  vibrations  measured  with 
jfcteUl  'Vibration  Meter  at  distances  of  10  cm  from  the  pistons  of  XTD-1  and 
XTD- 2  respectively,  and  on  the  cradle  for  hydrophone  HP-1  (Fig.  1*). 

SKL  Filter  Setting;  <  60  to  100  Hz;  Keithly  Amplifier:  calibration  +2  dB. 

XTD-1  (alone):  J*  i  ■  0.002  in/s  -  5o^*/sec.  Hs  -  W  mV. 

XTD- 2  (alone):  J'  Z  m  0.0015  in/s  •  36  /*/a*c.  Hs  ■  36  mV. 

XTD-1  and  HD-2  Jx  -  0.0026  in/a  -  60  yVsec 

SESTter  Til* 

(Hs)  max  ■  86  mV  Jf  cradle  “  0.0011  in/s  -  27 /</cec. 

A*.  it  Noise:  Hs  ■  0.5  mV  (-27  dB)  . 

Ran.  ;-ka:  Ambient  noise  vibration  of  lea  below  MEM-1  sensitivity. 

Category  2.  Measurements  at  250  Hz  CW: 

XTD  Drive  Power:  About  1  watt  each. 

Detection  and  Transmission  Procedures:  Set  up  the  same  as  for  88  Hs 
measurements  (see  Category  C-l)  except  SKL  filter  set  at  230  to  280  Hs. 

XTD-1  (alone)  :  J- 1  »  0.0051*  in/s  •  0.133  smV'sec;  Hs  •  $9  mV 

XTD- 2  (alone)  :  J1  2  m  0.016  in/a  ■  0.1*  am/sec;  Hs  “  UP  mV 

XTD-1  and  XTD-2  energized  . 

(phased  for  max)  yield  f  cradle  “  O.OOU  lav's  ■  0.1  mm/sec. 

(Ha)  max  *  93  mV  (see  Remarks)  ^ 

Ambient  Noise:  Hs  -  0.5  mV. 


Remarks:  XTD-2  exhibited  strong  audible  coupling  to  air.  (Cradle  vibra¬ 
tions  measurable  only  when  both  transducers  are  on.)  These  measurements 
were  made  on  21  February  1967;  Temperature :  10°F.  Weather  1  Windy,  cloudy. 
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STACK  TBAKSERJCBE  AS  TRAH3HITT2R  (FIQ.  3) 

Category  1: 

Transmission  Mode:  Voice . 

Trangalttgr:  Stack  transducer*  (Fig.  3)  • 

Drive  Power:  ^  SO  watts  (peak) . 

Deteotiom  3 j  hydrophone  HP-1. 

gU,  Filter  Setting:  2$0  to  1SQ0  Hz;  Kaithly  amplifier*  (+b0  dB)  into 
earphones). 

Observation!  Voice  coomnic&tion  excellent  when  used  with  above-mentioned 

niter: 

Category  2i 

Transmission!  1000  Hz  CV,  Pulsed  CWj  it  periods  ou  -  32  periods  off. 
Detection!  By  hydrophone  HP-1. 

SKL  Filter  Setting!  900  to  1100  Hz;  0  dB.  Ha  -  80  mV  (Ballantine  signal 
very  strong) ,  negligible  noise;  received  pulse  signal  has  perfect 
sin  x 

— - —  envelope  as  seen  on  tfas  scope. 

HwcrkS!  Data  taken  1s  the  afternoon,  20  February  196?. 

Category  3* 

Transmission!  1000  Hz  Otfj  Pulsed  CV. 

Transmitter!  Stack  transducer. 

Drive  Power  60  watts. 

Detection!  By  hydrophones  HP-1  and  HP-2.  Signals  ra calved  fay  HP-2  are 
reobrdad.  on  CHC  Optical  Recorder  (Fig.  11) . 

Ambient  Moisei  Levels  in  9(0  to  1100  Hz  band. 

a.  Hydrophone  HP-1  noise  -  6  mV  (~  0.6  microbar). 

b.  Hydrophone  HP-2  noise  -  3  mV  (~  0.3  microbar)  . 

Observation!  Distant  hydrophone  signal  (CW  amplitude)  mas  extremely 
strong  (Pig.  11) ,  This  was  the  strongest  signal  obtained.  Pulse  mods 

came  through  clearly  on  distant  hydrophone.  (Monitor  HP-1  channel  oat 

of  order) 

Remarks!  Attempted  voice  communications  to  distant  hydrophone  HP-2 
failed  due  to  severe  interference  by  ice  noise  (when  the  bandwidth  ms 
widened  from,  900  -  1100  Ez  to  260  -  1500  Hz) . 

*This  transducer  was  substituted  for  UD-1  of  the  array  and  used  alonr.  The 
stack  transducer  is  an  experimental  wideband  (artificially  magnetos trictive) 
transducer  mads  from  stacked  ceramic  magnets,  tdiich  are  separated  by  plastic 
laminations  having  suitable  ocapllanca.  Excitation  la  in  this  case  pro¬ 
vided  by  coils  wrapped  around  the  stack  magnets,  an  inefficient  improvisa¬ 
tion.  Actual  refined  model  is  presently  under  construction. 
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In  accordance  with  test  routines*  stack  transducer  was  lifted  off  the 
ics  to  check  for  possible  electromagnetic  coii-cabla  cross  talk  effects 
which  are  more  likely  to  occur  in  this  open-coil  case.  No  such  cross  talk 
was  observed.  On  the  other  hand,  pressing  the  stack  transducer  onto  the 
ice  increased  the  volume  of  the  hydrophone  signal,  which  indicates  im¬ 
proved  coupling. 

Data  taken  22  February  1967}  Weather:  Sunny  end  windy.  Strong  Ice 
motion,  gaps  began  to  develop  about  300  to  $00  a  offshore. 

MEASUREMENT  OF  STACK  TRANSDUCER  INDUCED  ICE  VIBRATIONS  VERSUS  KXD80PHONB 
SIGNAL  LEVELS 


Transmission:  1000  Hz  CW. 

Stack  Drive  Power:  66  V,  1.3  asp.  (at  input  of  1000  feet  feed  cable) . 

Measurements:  Vertical  ice  vibration  at  30  cm  from  stank  transducer, 
ft&l-l  Vibration  Meter  reading:  J*  -  0.0035  in/s  ■  8?-'* /see.  Correspond¬ 
ing  hydrophone  HP-1  signal  Ha  -  $6  mV  (-~  5  olcrohara) . 

Ambient  Noise:  Ha  •  1  mV  0*1  microbar),  (Bandwidth  900  to  1100  Hx) . 


Remarks:  Data  taken  21  February  1967 j  Temperature:  In  the  teens  (°F), 
Waather:  Cloudy,  strong  winds. 


AfPENDIi  C 

CW  -  SCATTER  EXPERIMENTS 


EXPERIMENTAL  SETUP 

Shota  by  diagram  in  Fig.  12. 

Transmission  Mode:  250  Hz  CW  from  either i 

*)  o  All  four  transducers  (1  «  each)  phased  to  originally  yield  a  minimum 
of  the  signal  received  by  the  hydrophone.  Here  the  scatter  object  is  sub¬ 
merged  beneath  the  center  of  the  square  array  (Side  scatter  experiment) «.  or 

b)  •  Only  one  transducer  (XTD-l)  energized.  Here  the  scatter  object  ia 
submerged  between  XTD-l  and  tha  hydrophone  location  (Forward  scatter  oxoer- 


Procedurei  The  scatter  object,  in  our  case  a  rubber  mat  approximately  1.5  on 
thick/  2 *  long,  and  1  m  wide,  weighted  with  old  batteries,  is  lowered  by 
rope  into  the  water  as  shown  in  Fig.  12.  As  the  rubber  mat  airks  to  the 
bottom  or  ia  pulled  up  to  the  surface,  phase  variations  on  tha  250  Hz  signal 
are  recorded  (via  the  HR-8  Lockin  amplifier)  on  the  Sanborn  322  Recorder. 

SIDE  SCATTER  EXPERIMENT 

Results  of  the  aide  scatter  experiment  are  shown  by  the  recording  In 
Fig.  13.  The  peak  phase  deviation  a a  calibrated  is  25®  and  occurs  whan  the 
rubber  mat  (ecatterer)  is  halfway  down  (15  meters)  between  the  ice  end  the 
bottom. 

FORWARD  SCATTER  EXPERIMENT 

Results  of  the  forward  scatter  experiment  are  shown  by  tha  recording  in  . 
Fig.  llw  Hem  the  phase  deviation  versos  depth  of  scatterer  is  double-peeked, 
lbs  peak  phase  deviations  am  of  the  same  order  of  magnitude,  iue,,  20°  to  30°. 

With  regard  to  the  double-humped  and  single-humped  phase  deviation 
corves  for  the  forward  and  side  scatter  experiments  respectively,  note  that 
the  density  and/or  absorption-type  scatter  volume  has  a  null  of  its  secondary 
radiation  pattern  along  the  direction  of  the  incident  wave  and  a  peak  in  a 
direction  perpendicular  to  the  incident  wave  (See  Appx.  E) . 

The  influence  of  possible  standing  waves  betwwsn  the  ice  end  lake  bottom 
is  unknown  at  present.  An  attempt  to  solve  this  problem  by  use  of  a  submarine 
for  recording  scatter  from  a  horizontally  moving  scatter  object  failed. 
Batteries  of  the  submarine  failed  at  tha  low  temperatures.  In  the  next  attasqpt, 
external  dc-power  will  be  used  to  feed  the  submarine  motor  via  wires  from  a 
battery-charger . 

EFFECTS  OF  AIR  BOBBIES  BETWEEN  TOE  ICE  AND  WATER* 

COo.  blown  via  a  long  hose  from  a  fire  extinguisher  below  the  ice,  was 
used  to  determine  possible  scatter  affects  (2>0  Hz);  and  possible  deterioration 


♦Efforts  to  contain  the  CO2  ia  a  weather  balloon  submerged  below  the  ice 
failed,  as  thsaa  balloons  burst. 
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of  2^0  Hz  signal  transmissions.  Initial  release  of  air  bubbles  appears  worn 
like  a  noiaeburat  disturbance  than  like  scatter  (Fig.  15).  No  appreciable 
change  in  signal  strength  occurred,  even  though  a  large  sheet  of  002  gas  was 
formed  between  the  ice  and  water  at  the  transmitter  site  (For  slight  phase 
change  see  Fig.  1$). 

Remarks:  Data  taken  on  22  February  1967  towards  nightfall.  Attempts  to  run 
a  1000  Hz  scatter  experiment  using  the  stack  transducer  the  next  morning  had 
to  be  abandoned  because  of  equipment  difficulties  under  worsening  weather 
conditions. 
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60  Ha  SCATTER  EXPERIMENT  FROM  ONSHORE 

EXPERIMENTAL  SETUP 

60  Ha  Transmission  Vi*  Soil  Into  Water  From  Large  Transducer  (Fla.  2)  s 

Pro  cea  urea  using  a  receiver  recorder  system  and  a  rubber  mat  as  a  scatter 
obstacle  mare  similar  to  those  previously  described  in  Appx,  C.  Results  ware 
negative. 

Bmearka:  This  was  only  a  very  brief  experiment  made  while  packing  up  on 
<!3  February  1967*  The  relative  locations  of  the  scatter  object  and  hydrophone 
receiver  do  not  appear  to  be  correct  for  this  case.  Probing  of  seismic  waves 
emanating  from  the  shore  end  bottom  of  the  lake  into  the  water  is  required  for 
intelligent  exploration  of  seismic-sonic  transmission  for  detection  of  scatter 
objects  in  water. 
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APPENDIX  E 


THEORETICAL  VERIFICATION  OF  RESULTS  OF  THE  SCATTER  EXPERIMENTS 

Acoustic  scatter  radiation  dim  to  the  presence  of  an  obstacle  is  described, 
by  the  following  fonmla  (for  its  derivation,  sea  Appendix  F)  t 


p  _  — ra.  -  .  e 


( tot -'£<>%) 


A  Z 


t,„*c  sm*o4ni  . 

4  —  •  j  *  ■>*» 


4.40-4)  <*>44-  ^$4 


2  r  *  /  ?  1e 


{4, 

f'lL  ) 


where  the  symbols  (also  used  in  Appx.  F)  denotes 


ps.< . ••• pressure  aspiitude  of  the  scattered  ware 

P0 . pressure  amplitude  of  incident  planar  wave  propagating  along 

the  x  direction 


2  <97“"  s 

kQ  ■ - •  •  •  •propagation  constant!  ^  *  h©  c o 

Ao 

V',  b,  h . dimensions  of  the  obstacle 


H,« . . ..distance  between  point  of  observation  (ays)  of  pa  and  the 

scatter  obstacle 

c©,.. ...... ..sound  velocity,  f  0  density  of  the  water 

J  e  and  A f  ••deviations  from  co  and  f  0  respectively  within  the  volts* 

£  ,  b,  h  of  the  scatter  obstacle 

a*... . sound  absorption  coefficient  of  the  scatter  obstacle  (For  its 

definition,  see  Appx.  F,  Eq.  (29). 


Daring  experiments*  incident  acoustic  waves  were  not  perfectly  planar} 
however,  for  the  distance#  used  in  the  experiments,  wave  fronts  can  be  con¬ 
sidered  sufficiently  planar  to  warrant  use  of  Formula  (1)  . 

It  is  also  safe  to  assume  that  the  obstacle,  the  water-ooaRed  foma-rubbor 
sat,  acts  essentially  as  an  absorber.  In  other  words,  tits  fom- rubber  mat 
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does  sot  present  an  appreciable  inhemogeneity  of  velocity  and  density,  i.e. , 

j-1  c  =  C  .  +1  f  =  <_*'  in  Formula  (1).  Consequently,  only  the  third 

term  of  Formula  (1) ,  involving  the  absorption  coefficient  a,  is  used  for  sub¬ 
sequent  calculation  of  scatter-induced  phasJ  variations  of  the  250  Hz  CM  trans¬ 
mission.  (Notice  that  for  R  •  x,  i.e.,  in  the  direction  of  the  incident  wave, 
pa  vanishes  when  the  obstacle  is  an  absorber.  This  agrees  with  results  of  the 
forward  scatter  experiment) 

In  the  following  discussion  of  the  side  scatter  problem,  we  must  consider 
the  magnitudes  and  phases  of  the  direct  wave  and  scattered  wave  at  the  loca¬ 
tion  of  the  hydrophone.  She  essential  facts  of  the  side  scatter  experiment 
were:  Iha  direct  wave  was  ainlaized  while  the  primary  wave  (along  the  x  di¬ 
rection)  towards  scatter  obstacle  was  maximised  by  controlling  the  drive 
voltages  of  the  seismic  transducers  on  the  ice.  In  other  words,  the  hydro¬ 
phone  was  located  in  a  minimum  and  the  scatter  object  in  a  maximum  of  the 
acoustic  radiation  pattern.  Thus,  the  hydrophone  received  a  pressure 
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The  first  ten  in  Kq.  (2)  represents  the  direct  pressure  wave  (pdir.)*  ^ 
factor  a  denotes  the  ratio  of  minimum  to  maximum  of  the  direct  acoustic  radia¬ 
tion  pattern  of  the  square  array  of  seismic  transducers.  The  second  ten 
represents  the  scattered  wave  that  emanates  from  the  scatter  object, 
pn  ej  ko  x 

-  is  the  pressure  incident  on  the  scatter  object.  Fro*  Eq.  (2) 

kT  ho  * 

the  relative  scatter  induced  change  of  the  hydrophone  signal  follows  as: 
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The  scatter  induced  phase  change  is  then  given  by 
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Substitution  of  the  following  experinantal  quantities  3 

Dlaensions  0f  the  fom-rubber  net . ..  2i,  h>  la.  b»  0.015  ■ 

in  asoumed  absorption  coefficient . .  a  «  1 

The  nave  propagation  constant .  “  1  n*1 

Depth  of  submersion  of  the  Co  an- rubber  oat 
below  the  square  array  of  transducers....  x.  6a 

Distance  from  net  to  hydrophone... .........  y  »  30  w 

The  ain-nax  ratio  of  the  radiation  pattern,  u  »  1/20  (-26  dB) 
yields 

tar?  A  %  =  0.2  . 

This  results  in  a  phase  change  ^Xs  of  approximately  12  degrees. 

Considering  the  crudeness  of  the  theoretical  model  used  for  derivation  of 
the  scatter  (Formula  (1) ,  Appx.  F) ,  agreement  within  the  order  of  —  g»<t«dr 
of  the  aapariaantal  value  (25  degrees)  is  satisfactory.  -»•*** 

. .  111  respect,  it  is  necessary  to  eephaaise  tbs  Meaning  of  the  absolu¬ 

tion  coefficient  »a».  For  derivation  of  Fbmula  (X),  Appx.  F,  we  havTuaed 
the  relaxation  tine  associated  with  absorption  of  diffuse  sound  by  the  walls 
of  a  solid  body  as  equal  to  the  relaxation  tine  associated  with  viscous  ab¬ 
sorption  of  sono chromatic  sound.  Consequently,  eoqpariaental  values  for  the 
scattered  pressure  pa  should  be  larger  than  calculated  values  by  at  least  a 
-actor  ..j  3*nc©  aenochiviMtie  power  flow  density  is  four  frima*  the  diffuse 
power  flow  density  for  the  sane  anargy  density  (See  Appx.  F,  Formulas  (27) 
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APPENDIX  F 
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DERIVATION  OF  ACOUSTIC  SCATTER  FORMULA 
Derivation  of  the  scatter  formula  proceeds  from  the  following  equations: 


Eulers  Equation: 
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Continuity  Equation: 
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Ey  considering  incremental  changes  of  pressure  p  and  velocity  v,  as  wall 
as  local  variations  (inhonogeneities)  of  the  sound  propagation  velocity  c, 
the  density  f  and  the  viscosity  tf  in  the  acoustic  mediun,  one  arrives  at 
m  inhomogeneous  wave  equation  for  the  acoustic  pressure;. 

The  driving  function  of  this  wave  equation  contains  the  inbonogeneities 
of  a,  f  and  /T  . 

Solutions  of  this  Inhomogeneous  wave  equation  are  obtained  by  successive 
approximations,  involving  in  our  case  perturbation  of  an  original  plane  wave 
solution. 

We  proceed  os  indicated: 
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